Abstract Observations indicate that solar radiation incident at the Earth surface underwent substantial decadal variations in the second half of the twentieth century, with a tendency towards reduction from the 1950s to the 1980s (''global dimming'') and a partial recovery thereafter (''brightening'') at widespread locations. The most reliable observational records from the Global Energy Balance Archive (GEBA) are used to evaluate the ability of the climate models participating in CMIP3/IPCC-AR4 as well as the ERA40 reanalysis to reproduce these decadal variations. The results from 23 models and reanalysis are analyzed in five different climatic regions where strong decadal variations in surface solar radiation (SSR) have been observed. Only about half of the models are capable of reproducing the observed decadal variations in a qualitative way, and all models show much smaller amplitudes in these variations than seen in the observations. Largely differing tendencies between the models are not only found under all-sky conditions, but also in cloud-free conditions and in the representation of cloud effects. The ERA40 reanalysis neither reproduces the major decadal variations in SSR, despite strong observational constraints on the temporal evolution of the state of the atmosphere, since time varying aerosol loadings are missing. Climate models and reanalyses are therefore not yet at a stage to provide regionally consistent estimates of decadal changes in SSR. Reproduction of these changes would be essential for an adequate representation of regional scale climate variations and impacts, and short-term (decadal) climate projections.
Introduction
An increasing number of studies suggests that solar radiation incident at the Earth surface (surface solar radiation, hereafter referred as SSR) is not stable over time but undergoes substantial decadal variations (Wild 2009a and references therein) . Specifically, at many worldwide distributed sites a decrease in SSR has been noted between the 1950s and 1980s, popularly known as ''global dimming'' (Stanhill and Cohen 2001; Liepert 2002) . A partial recovery was found more recently at a majority of the stations (''brightening'', Wild et al. 2005) . The substantial decadal changes in SSR are thought to have major impacts on various aspects of the climate system, such as global warming, the intensity of the hydrological cycle, glacier and snow cover changes, and terrestrial carbon uptake (see Wild 2009a for an overview). It is therefore important that global climate models (GCMs), major tools in climate research, are able to reproduce these variations in SSR.
In the present study we assess the ability of the GCMs used in the IPCC 4th assessment report (IPCC 2007) to reproduce the decadal variations of SSR over the second half of the twentieth century, using direct surface observations. These models are also known as CMIP3 models (3rd phase of the Coupled Model Intercomparison Project). A subset of these models has been compared with satellitederived products of SSR for the period 1984-2000 in Romanou et al. (2007) . In a recent study we pointed out that the decadal variations in surface warming as well as in the diurnal temperature range (DTR) are underestimated in the IPCC-AR4/CMIP3 models (Wild 2009b ). Since DTR variations were shown to be a useful indicator for SSR variations (e.g., Liu et al. 2004; Makowski et al. 2009 ), we argued that the lack of decadal variations in the simulated DTR may signify a lack of decadal variations in SSR in these models (Wild 2009b ). Here we substantiate this argument further by assessing the SSR simulated in these models directly using ground based radiation observations.
Models and observational data
Simulations from the GCMs participating in the experiments for IPCC-AR4 (IPCC 2007) are used in the present analysis. These data have been organized by the Program for Climate Model Diagnosis and Intercomparison (PCMDI). We focus on the ''Twentieth Century Climate in Coupled Models (20C3M)'' experiments therein. These experiments were aimed at reproducing the climate evolution of the twentieth century as accurately as possible, by considering all major natural and anthropogenic forcings, such as changes in atmospheric greenhouse gases, aerosol load (tropospheric and volcanic), solar output, and land use. These experiments are therefore best suited for the assessment of the ability of the models to reproduce the climate evolution over the past decades. A more detailed description of the forcings used in these experiments is provided on the web pages of the PCMDI (http://www-pcmdi.llnl.gov/). In total, 23 models have been analyzed in this study. They are listed in Table 1 , together with their home institution and their horizontal and vertical model resolution. Further given in Table 1 are the forcings related to aerosol direct and indirect effects, which can modify the simulated SSR, and which are most relevant for the present study. All models taking part in the IPCC-AR4/CMIP3 experiments consider to some extent changes in sulfate aerosol burden, but only three models include an explicit treatment of the sulfur cycle. Black carbon aerosols are only considered by a minority of the models (Table 1 , last column). This applies also to the indirect aerosol effects (aerosol induced changes in cloud optical properties as well as cloud lifetime), which are not implemented in the majority of the models (Table 1, see also IPCC 2007,  Table 10 .1 for details of the individual models). Specifically, from the 23 models considered, 8 models include black and organic carbon, 7 models include the 1st indirect effect and 5 models include the 2nd indirect effect. Only three models include all these forcing agents, namely the MIROC3.2(hires), MIROC3.2(medres) and the UKMO-HadGEM1 models. From all models, simulated fluxes are analyzed for the period covering 1950-2000. This is the period where SSR variations are best known from the observational side, and which covers the characteristic ''dimming'' and ''brightening'' phases (see Wild (2009a) for an overview). Clear-sky fluxes are stored for 19 of the 23 models. No information on clearsky fluxes is available from the models CSIRO-MK3.0, GISS-AOM, BCCR-BCM2.0, and PCM.
SSR fluxes as estimated in the reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF) covering the period 1958 -2002 (ERA-40, Uppala et al. 2005 are also used in this study. This extended integration period allows the assessment of both dimming and brightening phases. The atmospheric state of ERA-40 is constrained every 6 h by the assimilation of worldwide observations from the Global Observing System (GOS). However, ERA-40 does not include time varying tropospheric aerosols, but only a prescribed mean climatology (Tanre et al. 1984) .
The observational reference data are taken from the Global Energy Balance Archive (GEBA), which has been established at ETH Zurich (Ohmura et al. 1989) . Widespread measurements of SSR began in the 1950s. A hierarchy of quality control procedures has been applied to the GEBA data and erroneous energy fluxes are flagged (Gilgen and Ohmura 1999) . The relative random error of a measurement is about 5% of a monthly mean and approximately 2% of a yearly mean (Gilgen et al. 1998) . The dataset has been previously used for various applications, such as for the validation of model climatologies and satellite-derived products (e.g., Wild 2005) , for the reevaluation of the energy balance at the Earth's surface (Ohmura and Gilgen 1993) , and the investigation of decadal variations in the observational records (e.g., Gilgen et al. 1998; Gilgen et al. 2009; Wild et al. 2005; Wild 2009a; Wild et al. 2009; Ohmura 2009) .
For the present study, we selected some of the most reliable and extended records from GEBA for different regions of the world, as identified in Ohmura (2009) . For the present analysis we defined five regions that have good data coverage and further depict characteristic decadal SSR variations: Europe, Japan, Southeast China, Northwest China and India. The stations used in the different regions along with their coordinates and period of measurements are given in Table 2 and correspond to those used in Ohmura (2009) .
Methods
For the comparison of the model-calculated with the observed fluxes, the gridded monthly flux fields from the simulations were interpolated to the station coordinates given in Table 2 , using a bilinear interpolation procedure, with distances computed along great circles on the sphere.
Tests have shown that the trends at the grid points surrounding a station do not differ significantly from each other in most of the cases, so that the choice of the interpolation scheme is not critical.
Collocated observed and simulated monthly time series were thereby obtained at each station and were further aggregated into annual mean time series. Annual anomalies were determined as deviations from their long term mean for each time series. The individual annual anomaly time series were then averaged within the five world regions to obtain simulated and observed composite time series for each of the respective regions mentioned above. The averaging over anomalies rather than over absolute values avoids the introduction of spurious trends in the composite time series due to potential data gaps at individual observation sites.
The time series were then fitted with first or second order polynomials of the form f(x) = bx ? c, and f(x) = ax 2 ? bx ? c, respectively, depending on the overall shape of the observed composite time series. 
Results
Simulated and observed decadal SSR changes in the different regions are discussed in the following subsections. The climatological mean SSR fields in these models have been evaluated in earlier studies for both clear-sky (Wild et al. 2006 ) and all-sky conditions (Wild 2008 ).
Europe
Various studies presented evidence that SSR over Europe has undergone significant changes over the past decades, with a predominant decline measured at many sites between the 1950s and 1980s, and partial recovery thereafter (e.g., Ohmura and Lang 1989; Stanhill and Cohen 2001; Wild et al. 2005; Norris and Wild 2007; Chiacchio and Wild 2010) . This tendency can also be seen in the observed composite time series based on annual anomalies at nine sites selected in this study in Fig. 1 (upper panel) . A substantial decline of surface solar radiation on the order of 10 Wm -2 can be seen until the mid 1980s in the observations, followed by an increase after the late 1980s of a few Wm -2 . In addition shown are the model-simulated composite time series averaged over the same locations, representing allsky SSR as in the observations. All composite time series were constructed as outlined in Sect. 3 and have been smoothed with a 5-year running mean.
The qualitative tendency with a decrease in the first part of the record, and some sign of recovery in the latter part, can be best represented by a second order polynomial model. This is applied to both model-simulated and observed time series in Fig. 1 . We use the term ''convex'' in the following to qualitatively describe the evolution of the time series with a decrease and subsequent increase (or alternatively stated a positive coefficient in the quadratic term of the second order polynomial model, with a turning point at the local minimum). Similarly, the term ''concave'' is used here to describe the evolution of the time series with an initial increase and a subsequent decrease (or alternatively stated a negative coefficient in the quadratic term of the second order polynomial model, and a turning point at the local maximum). According to this definition, the observed time series shows a convex evolution (see Fig. 1 , upper panel). It is obvious from Fig. 1 (upper panel) that the simulated all-sky SSR evolution at these European sites largely differs between the 23 models. Only about half of the models reproduce the convex shape of the overall evolution, indicative of a ''dimming'' followed by a ''brightening'', the other half of the models show a concave shape in their second order polynomial approximation, indicative of an opposite qualitative evolution compared to the observed tendencies. Specifically, Table 3 (first column) shows that the quadratic ('a') coefficient of the observations in Europe is 0.0037 Wm -2 a -2 , and significant at the 66% level (in the following we use the default term ''significant'' for a statistical significance at the 66% level, if not otherwise mentioned). The quadratic coefficients in the models range from -0.0053 (GFDL-CM2.1) to 0.0057 Wm -2 a -2 (MIROC3.2(hires)), with 11 models having a negative coefficient and 12 models having a positive one. Of the 11 models that show a concave behavior in their time series, 4 are significant, while of the 12 models showing a convex behavior 7 are significant.
For further comparison we separate the time series into two periods with distinctly different tendencies in the observations, one representing the ''dimming '' period 1960-1985 , the second one the ''brightening '' period 1985-2000 , and allow for linear approximations during these periods. The observed decrease of solar radiation from 1960 to 1985 at the European sites amounts to Table 3 Second order polynomial fit coefficients ('a'-coefficient) for the SSR composite time series of the sites in Europe, Japan and southeast China, and linear fit coefficients ('b'-coefficient) for the SSR composite time series of sites in northwest China and India together with the 1-sigma uncertainty in italics as calculated from observations and corresponding IPCC-AR4/CMIP3 model simulations Surface solar radiation -0.328 Wm -2 a -1 and is to 95% significant ( . 11 models show an increase in SSR in qualitative agreement with the observations (9 of them significant), while 12 models show a decrease (7 of them significant) in contrast to the observational evidence.
This suggests that models largely differ in their simulation of decadal variations in SSR over Europe, and that many models are barely capable of reproducing the observed trends even qualitatively. The individual model deviations are further quantified in terms of the root mean squared error (RMS) of the simulated compared to the observed SSR composite time series (Table 5 ). The RMS statistics have been determined based on the 5-year running means of the time series, since climate models cannot expected to be deterministic on short interannual timescales, and deviations induced by these year-to-year variations are therefore meaningless.
Further shown in Fig. 1 are the model-simulated SSR annual anomalies time series averaged over the same sites under cloud-free conditions (middle panel), as well as the simulated cloud effect on SSR (lower panel). The cloud effect is defined here as difference between the SSR time series under clear-sky (middle panel) and all-sky (upper panel) conditions. These quantities are shown for those 19 out of the 23 models that provide clear-sky information (see Sect. 2). For these quantities we do not have direct observations for comparison, since only monthly mean observations are available of these long-term multidecadal records, which do not allow for a strict separation into clear-and cloudy-skies. Nevertheless it is interesting to explore the level of consistency in the model simulations under clear-sky conditions. Under these conditions, more models show an SSR time series of convex shape, in qualitative agreement with the (all-sky) observations. 16 out of the 19 models show such a behavior under clear-sky conditions, compared to 12 models out of 23 models under all-sky conditions. Correlations between both simulated clear-sky and all-sky time series and the (all-sky) observations are given in Table 6 . All correlations are based on the time series smoothed with 5-year running means, to compare the lower frequency variations in models and observations rather than the interannual variations which are not deterministic in GCMs. Interestingly, correlations are typically higher when the (all-sky) observations are correlated with the simulated clear-sky fluxes than with the simulated all-sky fluxes (Table 6 ). This applies for 14 out of the 19 models that provide both allsky and clear-sky fluxes. Specifically, when averaged over the 19 models, the correlation between the (all-sky) observations and the simulated clear-sky fluxes is 0.46 (maximum correlation 0.88, CNRM-CM3), but only 0.12 (maximum correlation 0.68, UKMO-HadCM3) between the (all-sky) observations and the more directly related simulated all-sky fluxes (Table 6 ). This suggests that the model-simulated decadal cloud variations rather deteriorate than improve the simulation of SSR. Thus the decadal variations in the cloud effect on SSR given in the lower , and a subsequent increase of about 7 Wm -2 (Fig. 2, upper panel) . This time series can also be reasonably approximated with a second order polynomial model. While this observation-based polynomial model shows a quadratic coefficient of 0.0295 Wm (GISS-EH) (Table 3) . 13 models show a concave behavior in the polynomial fit (6 of them significant), opposed to the qualitative shape of the observed time series, while only 10 models depict a convex behavior (4 of them significant) (Fig. 2, upper panel) . Over the period 1961-1985, the observed linear decrease of SSR is -0.553 Wm (Table 4) . 16 models show a decline in this period (8 significant), while 7 models show increases (4 significant). Over the 1985-2000 period, the observed linear increase in SSR is 0.577 Wm -2 a -1 (significant), while the models vary between -0.551 Wm . Only 9 models show an increase over this period (2 of them significant), whereas the majority of the models (14) show a continuing decline (8 significant) in contrast to observational evidence. Similarly to Europe, many models are not capable of reproducing the SSR variations qualitatively, and all of them underestimate them quantitatively. Again, for completeness, RMS statistics for the simulations over Japan are given in Table 5 . As in Europe, the evolution of clear-sky fluxes and cloud effects on SSR over Japan also largely varies (Fig. 2 , middle and lower panel). A majority of the models simulate a convex shaped clear-sky time series as seen in the (all-sky) observations (12 out of 19). Again, the correlations of the smoothed time series are usually higher when the (all-sky) observations are correlated with the simulated clear-sky fluxes than with the simulated all-sky fluxes (Table 6 ). Here this is true for all but one of the models that provide both all-sky and clear-sky fluxes. Averaged over the 19 models, the correlation between the observed (allsky) fluxes and the simulated clear-sky fluxes is 0.57, while no more than 0.21 between the observed (all-sky) fluxes and the more directly related simulated all-sky fluxes (Table 6 ). The cloud effects on SSR largely vary in the models over Japan (Fig. 2, lower panel) , They disagree not only quantitatively, but also qualitatively, with 11 models showing a convex, and 8 models a concave evolution.
Southeast China
Numerous studies pointed to the strong decline of SSR between the 1950s and 1980s, and to a certain recovery during the 1990s in China (e.g., Wild et al. 2005; Shi et al. 2008; Norris and Wild 2009; Wild 2009a and references therein) . This is also evident in the observed composite time series from six sites identified as most reliable by (Ohmura 2009 ) and shown in Fig. 3 (upper panel) . Again a second order convex-shaped polynomial model describes the behavior of the observed time series best. This composite time series shows the strongest dimming/brightening of all regions considered, with a quadratic coefficient of 0.0476 Wm -2 a -2 in the polynomial fit (Table 3 ). The observed decrease of SSR until the mid 1980s was as much as 25 Wm -2 , the subsequent increase nearly 12 Wm -2 . 11 models qualitatively reproduce this overall behavior of a dimming with subsequent brightening and a convex shaped polynomial (Fig. 3 upper panel, Table 3 ). The other half of the models again does not even qualitatively reproduce this overall behavior, showing a concave shaped second order polynomial approximation. The quadratic coefficient in the models as shown in Table 3 ranges from -0.0177 Wm -2 a -2 (FGOALS-g1.0) to 0.0190 Wm -2 a -2
(CNRM-CM3). None of the models thus reproduces the strong recurvature as indicated in the observed composite record. When separated into the dimming and brightening periods, the observed linear decrease from 1961 to 1985 is a -1 . 16 models show a linear decrease during this period (9 significant) in qualitative agreement with the observed records, but the multi-model mean decrease is an order of magnitude smaller than the decrease seen in the observations. In the second period from 1985 to 2000 the models vary from -0.872 (MIROC3.2(hires)) to 0.523 Wm -2 a -1 (CNRM-CM3), with a multi-model mean of -0.186 Wm -2 a -1 . In contrast to the observations, 15 models show a decrease (8 significant), while only 8 models show an increase (2 of them significant). The majority of the models therefore neither reproduces the strong downward SSR trends up the 1980s nor its partial recovery in the 1990s in Southeast China.
The evolution of clear-sky fluxes and particularly cloud effects over South East China also shows considerable differences (Fig. 3, middle and lower panel) . Correlations of the smoothed time series are higher here in 14 out of 19 models when the (all-sky) observations are correlated with the simulated clear-sky fluxes than with the simulated allsky fluxes (Table 6 ). Averaged over the 19 models, the correlation between the (all-sky) observations and the simulated clear-sky fluxes is 0.44, while no more than 0.21 between the (all-sky) observations and the more directly related simulated all-sky fluxes (Table 6) .
Also, as in Europe and Japan, cloud effects on SSR do not show a great deal of consistency, with nine of the models showing a convex evolution, and ten of the models a concave evolution.
Northwest China
In contrast to Southeast China, the observed composite time series, based on seven sites in Northwest China, does not show a strong recovery in the 1990s. Therefore the continuous decrease over the entire period can be reasonably approximated with a first order linear polynomial. For compatibility, we use also first order polynomials to describe the model-calculated time series, even though some of the model time series would have significant coefficients when approximated with second order polynomials.
The observed decline of SSR over the period 1960-2000 is on the order of 20 Wm -2 , or -0.5146 Wm -2 a -1 (95% significant). The linear trends over the same period in the M. Wild, E. Schmucki: Assessment of global dimming and brightening models vary from -0.2224 Wm -2 a -1 (GISS-ER) to 0.0335 Wm -2 a -1 (MRI-CGCM2.3.2), with a multi-model mean of -0.0627 Wm -2 a -1 (Table 3 , Fig. 4 upper panel) . 22 models reproduce the negative trend in SSR qualitatively (10 significant), only the MRI-CGCM2.3.2 shows a positive trend, which is not significant. However, all these models show a much smaller decrease than the observed time series, with the multi-model mean decrease being almost an order of magnitude smaller than the observed decrease.
The observations indicate further a substantially smaller decline during the 1985-2000 period (decline -0.208 Wm -2 a -1 ) than during the 1960-1985 period (decline -0.649 Wm -2 a -1 ) ( Table 4 ). This is qualitatively only reproduced in 5 out of 23 models (Table 4) . RMS statistics for the simulations in both Chinese regions are found again in Table 5 .
All models show a decrease in the clear sky fluxes over the period considered (Fig. 4, middle panel) , but of different magnitude, covering a range between -0.02 Wm -2 a -1 and -0.18 Wm -2 a -1 . The sign of the tendencies in the cloud effect is much less consistent (Fig. 4, lower panel) , with 8 models showing an overall increase in the cloud effect, while 11 models simulate a decrease. Not surprisingly therefore, also in Northwest China, correlations of the smoothed time series are higher, when the (all-sky) observations are correlated with the simulated clear-sky fluxes rather than with the simulated all-sky fluxes (Table 6 ), this time in 16 out of 19 models. Averaged over the 19 models, the correlation between the observations and the simulated clear-sky fluxes is as high as 0.78, while 0.45 between the observations and the more directly related simulated all-sky fluxes (Table 6 ).
India
Similarly to the region in Northwest China, the observed radiation records in India show a continuous decrease in SSR from 1964 to 2000 with no substantial recovery in the more recent period Ramanathan et al. 2005; Kumari et al. 2007; Ohmura 2009 ). This is illustrated in Fig. 5 (upper panel) , where a composite time series of the four most complete observational records is shown. A linear model has therefore again been used to approximate this time series. The observed decline of SSR over the entire 1960s to 2000 period is very similar to the one in Northwest China and is nearly 25 Wm -2 , corresponding to a linear trend of -0.686 Wm -2 a -1 (95% significant) ( Table 3 , Fig. 5 upper panel) . The linear trends in the models range from -0.400 Wm -2 a -1 (GISS-ER) to 0.045 Wm -2 a -1 (FGOALS-g1.0), with a multi-model mean of -0.116 Wm -2 a -1 . 19 models have a negative trend in qualitative agreement with the observational evidence (16 of them significant), while 4 models show a positive trend opposed to the observations (none of them being significant). However, as in Northwest China, even though most models qualitatively reproduce the overall decline over the 1964-2000 period, the decline is much smaller than suggested by the observations. Under clear-sky conditions, all 19 models that provide clear-sky fluxes show an overall decrease (statistically significant at the 95% level), but again of largely varying magnitude (between -0.02 Wm -2 a -1 to -0.37 Wm -2 a -1 .) As in all other regions considered before, also in India correlations of the smoothed time series are higher, when the all-sky observations are correlated with the simulated clear-sky fluxes than with the more comparable simulated all-sky fluxes (Table 6 ). This is found in as many as 17 out of 19 models. Averaged over the 19 models, the correlation between the all-sky observations and the simulated clearsky fluxes is 0.75, while 0.40 between the all-sky observations and the more directly related simulated all-sky fluxes ( Table 6 ). The largely variable and highly inconsistent simulation of cloud effects (Fig. 5, lower panel) contributes to the poorer correlation of the all-sky fluxes with the observations compared to the clear-sky fluxes. Specifically, the cloud effect on SSR declines in 10 and increases in 9 of the models over the period under consideration.
Dimming/brightening in ERA 40
In addition to the above models, we also investigated the SSR evolution as determined in the reanalysis carried out by the European Center for Medium Range Weather Forecasting over the periods 1958 -2002 (ERA-40, Uppala et al. 2005 . Compared to GCMs, reanalyses have the advantage that they assimilate the comprehensive weather data from the global observing system (GOS) every 6 h into their atmospheric models. Further, the evolution of the sea surface temperature in reanalyses is prescribed from observations in contrast to the GCMs considered in this study, which calculate them within their coupled atmosphere-ocean modeling frameworks. The physical and dynamical state of the atmosphere in reanalyses is therefore strongly constrained by observations, in contrast to the pure GCMs discussed before. Therefore it might be expected, that the temporal evolution of the atmospheric state is more deterministic and better reproduced in reanalyses than in the unconstrained GCMs above. Thus it is also interesting to see how the evolution of SSR is reproduced in a reanalysis with an extended integration period that covers both dimming and brightening phases, such as in ERA-40.
The observed composite SSR time series based on the nine sites in Europe (as used in Sect. 4.1) is now compared with the corresponding time series from ERA-40 in Fig. 6a .
The ERA-40 time series (red dashed line) shows an SSR dimming and subsequent brightening, however with an earlier turning point and a more pronounced brightening than indicated by the observations. A further analysis of the SSR evolution under clear-sky and the cloud effects (Figs. 6b, c) reveals that the SSR dimming and brightening in ERA-40 is predominantly induced by changes in the cloud effects (Fig. 6c) , while changes in clear-sky SSR are negligible (Fig. 6b) . This is in contrast to recent evidence that aerosol effects are the main cause of dimming/ brightening in Europe (Norris and Wild 2007; Ruckstuhl et al. 2008) . Note, however, that ERA-40 does not include time-dependent aerosol burdens, but rather a time invariant aerosol climatology (Tanre et al. 1984) . The ERA-simulated cloud amount variations at the same nine sites is further compared with a composite time series of collocated synoptic (surface-based) cloud observations, provided by the Carbon Dioxide Information Analysis Center (CDIAC) of the United States Department of Energy, available for the period 1971-1996 (Warren et al. 2007) . A comparison in Fig. 6d suggests that the strong ERA-40-simulated decline in cloud amount after 1980, which is at the origin of the strong brightening in the ERA-40, is not found to the same extent in the observations.
Similarly to Europe, a strong brightening is found in the ERA-40-determined SSR also at the Japanese sites (Fig. 7a) , caused by a strong decline of the cloud effect (Fig. 7c) , while again the clear-sky SSR shows hardly any change due to the time-invariant aerosol climatology, in contrast to observational evidence (Norris and Wild 2009) . A comparison of the collocated synoptic cloud observations with ERA-40-estimated cloud amount changes at these sites suggests that the strong decline in cloud amount estimated in ERA-40 between the mid-1970s and 1990 is not in accordance with observational evidence. This suggests that, as in Europe, the brightening in Japan in ERA-40 might be due to the wrong reason (decline in clouds rather than aerosol as suggested in observational studies).
Observed dimming and brightening at the composite of six sites in southeast China is not captured at all by the ERA-40 (Fig. 8a) . In this region an extended literature exists that demonstrates that the strong dimming and consecutive slight recovery in the 1990s is dominated by modulation of SSR under clear-sky conditions due to changes in aerosol burden and composition (e.g., Liu et al. 2004; Qian et al. 2007; Norris and Wild 2009 ). Since the ERA-40 does not consider any of these effects (Fig. 8b) , it is not surprising that the observed strong decadal changes are completely absent. The same is also true for the seven sites in northwest China, where the strong dimming is not captured in ERA-40 (Fig. 9a) , since SSR does not show any noticeable changes under cloud-free conditions (Fig. 9b) .
Similarly to China, also in India the continuous strong dimming is dominated by reductions of solar radiation under cloud-free conditions, due to the strong increase in air pollution and associated aerosol burden, such as the Asian Brown Cloud (ABC, Ramanathan et al. 2005) . None of this is seen in ERA-40 (Fig. 10b) , and since cloud cover is decreasing at the Indian sites, in reasonable agreement with observations (Fig. 10d) , ERA-40 simulates an overall brightening from 1960 to 2000 at the sites in India, opposed to observational evidence (Fig. 10a) . The failure of ERA-40 to represent the main characteristics of the decadal variations of SSR, despite substantial observational constraints on the dynamical and physical structure of the atmosphere, points to the importance of aerosol changes in this context, which are not included in ERA-40.
Discussion and conclusion
The analyses showed that the substantial decadal variations in SSR detected in long-term observational records in various regions of the world are not similarly reproduced in currently accessible climate model simulations and in a long-term reanalysis (ERA40). Many of the models do not reproduce the strong observed tendencies in a qualitative way, and all of the models show much smaller amplitudes in SSR variations than indicated by the observations. Of course to some extent biases can be introduced by comparing model fields with point observations (but see discussion in Xi et al. 2010 , Kennedy et al. 2010 . Observation sites may be influenced by local air pollution particularly in heavily urbanized areas (Alpert et al. 2005 ). This effect so far is neither well established nor quantified. We minimized this potential influence in that we only considered composites of GCM grid-points nearest to the station location, and did not attempt to extrapolate to large scale or regional averages. Also, the rural observation sites (e.g., Hohenpeissenberg, Toravere; Russak 2009) used in this study show similar dimming and brightening amplitudes as other more urbanized sites.
Surprisingly, the (all-sky) observations often correlate better with the model-simulated clear-sky fluxes than with the more appropriately comparable all-sky fluxes on decadal time scales. This suggests that the consideration of variations of cloud effects in the models rather deteriorates than improves the simulation of decadal variations in SSR, and points to substantial problems still inherent in the adequate simulation of temporally varying cloud characteristics. However, even though the simulated clear-sky SSR variations agree better with the observed (all-sky) fluxes in their qualitative evolution, quantitatively they are too small to explain a significant fraction of the observed (all-sky) variations (cf. middle and upper panels in Figs. 1, 2, 3, 4, 5) . Possible reasons are the inaccuracies or entire lack of variation in the aerosol fields used in the models. Uncertainties and inconsistencies in aerosol emission and burdens in different IPCC-AR4 models over Europe were identified in Ruckstuhl and Norris (2009) . It was argued therein that the poor agreement between modeled and observed clear-sky ''dimming'' and ''brightening'' over Europe is due to incorrect aerosol emission histories. In most models, aerosols are prescribed as atmospheric burdens rather than interactively calculated from prescribed emissions, which would allow for more degrees of freedom. Also, most of the models only consider sulfate aerosol and do not include additional aerosol types, such as black carbon (see Table 1 ). This further reduces the degrees of freedom of the aerosol representation in the models and its effects on SSR. Amongst the models that generally perform better compared to the observations are some of those that include in addition black carbon (GISS-EH, GISS-ER, GFDL-CM2.0/2.1, MIROC3.2, UKMO-HADGEM1, CCSM3). This is seen particularly in areas with strong pollution such as in India, where these models simulate the strongest decline in better agreement with observations (strongest SSR declines in GISS-EH, GISS-ER, CCSM3, UKMO-HADGEM1, c.f. Table 3 ). On the other hand, if aerosol characteristics are only included on a climatological mean basis with no temporal resolution, decadal SSR variations cannot be reproduced adequately even when other physical properties of the atmosphere are optimally constraint by observations as done in the ERA-40 reanalysis. ERA-40 misses major decadal changes in SSR particularly in heavily polluted regions, such as the well-established long-term dimming in China and India. This again points to the importance of an adequate representation of time varying aerosol effects for a realistic simulation of decadal variations in SSR and associated dimming and brightening.
The inability of climate models to simulate the full extent of decadal-scale variability is not just seen in SSR as documented in the present study, but also in other simulated climate elements such as the tropical top of atmosphere radiation budget (Wielicki et al. 2002) , tropical precipitation (Allan and Soden 2007) , the hydrological cycle in general (Wild and Liepert 2010) , soil moisture (Li et al. 2007 ) and surface temperature/diurnal temperature range (Wild 2009b) . Of course these elements may not be entirely independent, and misrepresentation of decadal variations in one of these, such as the SSR discussed here, may strongly impact the simulation of others. Further work is necessary to disentangle to what extent these underestimated decadal variations are due to an underestimation of forced or unforced climate variability.
The inability of current GCMs to reproduce observed decadal scale variations does not imply that climate change scenarios (which typically target at more extended timescales) are biased. On these longer, multi-decadal to centennial timescales comparison with observations show good agreement where feasible, despite suppressed decadal variations (e.g. IPCC 2007; Wild 2009b ). However, the shortcomings discussed here may have implications for shorter-term climate projections up to a few decades ahead where these strong decadal variations may dominate.
